Abstract: The platinum-platinum rhodium thin film thermocouples (TFTCs) were fabricated on the alumina substrate by the micromachining technology, which could operate at the temperature up to 1300°C. The thermoelectric output voltage was measured in the temperature range of 50-1300°C. The maximum thermoelectric voltage of the TFTC was 14.8 mV at 1300°C, which was in accordance with that of the standard wire thermocouple approximately. The voltage-temperature curves of the heating and cooling process overlapped very well without a hysteresis, which kept constant after the device underwent five heating-cooling cycles. The lifetime of the film sensor at 1300°C was up to 14 h. The sensitive films were characterised by scanning electron microscope and X-ray diffraction techniques.
Introduction
Compared with the conventional wire and foil thermocouples, thin film thermocouple (TFTC) has the advantages of high sensitivity and fast thermal response due to its low thermal mass [1] . In addition, TFTCs are non-invasive to structure and combustion aerodynamics in the engine, and also has little effect on the vibrational modes of rotating components since the films are directly deposited on the surface of the engine with a thickness of only several micrometres [2, 3] .
Generally, the thermal stress resulting from the thermal expansion mismatch under thermal cycling conditions are considered the primary cause of the film's cracking and delaminating at high temperature, which determines the stability and lifetime of TFTCs [4] . So the matching of the thermal expansion coefficient between the substrate and sensitive films is very important. In addition, the intrinsic strength and adhesion of the sensitive film to the substrate through reaction and diffusion are also important in designing the sensor systems [5] .
Advanced ceramics composites are expected to be the potential candidate for the next generation of gas turbine engines, which will allow higher-temperature operation along with a significant weight reduction in systems compared with conventional superalloys [6] . So it is necessary to develop TFTCs based on ceramics substrate since the next generation of gas turbine engines are made of ceramics materials.
In our previous paper, the film resistance sensor was fabricated on the ceramic substrate and could measure temperature up to 900°C [7] . In this paper, to achieve the higher temperature above 1000°C, platinum (Pt)-13% rhodium (Pt-13%Rh) versus Pt TFTC was fabricated on the alumina substrate using the micromachining process. The thermoelectric voltage was measured at the temperature up to 1300°C and the TFTC exhibited remarkable stability at high temperature. Furthermore, the sensitive films were characterised by scanning electron microscope (SEM) and X-ray diffraction (XRD) techniques.
Experiment
The Pt and PtRh sensitive film had a thickness of 1 and 1.5 μm, respectively. The width of the film is 300 µm. The size of the junction is about 0.05 mm × 0.2 mm × 2.5 μm.
Fabrication of TFTCs
The Pt/PtRh TFTCs were prepared using the micromachining technology. The flowchart of the fabrication process was shown in Fig. 1 and described as follows. The alumina substrate had a diameter of 3 in and a thickness of 0.8 mm, which was cleaned ultrasonically in the bath of strong acid, strong alkali and acetone, respectively.
(a) An ultra-high vacuum magnetron deposition system (Ulvac, Japan) was used to deposit the metal films in this paper. A background pressure of 5.8 × 10
−5 Pa was achieved in the sputtering chamber prior to deposition. The tantalum (Ta) film with a thickness of 10 nm was first deposited on the substrate by magnetron sputtering as the intermediate layer to improve adhesion, with the sputtering power of 110 W at a voltage of 395 V. Then, the Pt film with a thickness of 1 μm was deposited on the Ta film. (b) A positive photoresist (PR) of AZ 4620 with a thickness of 10 μm was spin-coated and soft baked. Then, it was patterned using ultraviolet (UV)-lithography and developing processes. The dry etching was used to expose the adhesion layer and Pt films. The patterned Pt thin film was obtained. (c) The remaining PR was removed using acetone solution. Then, another 10 μm thick photoresist was spin-coated again, and it was patterned by UV-lithography and developing. (d) The chromium (Cr) film with a thickness of 20 nm was first deposited as the intermediate layer to improve adhesion, and then the copper (Cu) film with a thickness of 80 nm was deposited on the Cr film. The remaining photoresist was removed using the acetone solution. (e) Another 10 μm thick photoresist was spin-coated, and patterned by UV-lithography and developing. Then, the Cu layer with a thickness of about 10 μm was electroplated at a current density of 10 mA/cm 2 .
(f) The remaining photoresist was removed using acetone solution. Then, another photoresist was spin-coated again, and patterned and developed. (g) Another Ta adhesion layer was sputtering deposited, and the remaining photoresist was removed using acetone solution as well as lifting off the unwanted Ta adhesion layer. Then, the PtRh film with a thickness of 1.5 μm was deposited. Finally, the Cu layer was removed using a mixture solution of deionised water, ammonia and hydrogen peroxide at a volume ratio of 12:3:1. The Cr layer was etched by a strong oxidising solution of potassium ferricyanide and sodium hydroxide.
(h) Another 10 µm thick photoresist was spin-coated on the wafer again and baked. It was patterned by UV-lithography and developing. The slots were cut on the exposed substrate surface using a 7100 dicing saw (Advanced Dicing Technologies Ltd. Israel). Both the depth and width of the slot were 0.25 mm, which was slightly larger than the diameter of leading wire. Then, the substrate was cut into many individual pieces. The size of the individual TFTC on the alumina substrate was 7.4 × 3.9 × 0.8 mm.
The Pt and PtRh leading wire with a diameter of 0.2 mm was embedded in the corresponding slot, respectively. The Pt paste was used to fill the slots and to connect the leading wire with the film, which was solidified at 800°C for 20 min and cooled to room temperature naturally.
Testing and characterisation
The electric performance of the TFTC was tested in a commercial furnace with high-purity silicon molybdenum as heating element. The temperatures of the furnace were calibrated with a commercial standard wire (OMEGA Corp., America). The hot junction of TFTC was placed in high-temperature furnace and the cold leading wires was placed at 0°C using a low-temperature cooling pump. The TFTC was heated in air from room temperature to 1300°C and the thermoelectric voltages of the TFTC at different temperature were recorded. A commercial standard wire thermocouple (OMEGA P13R-003) was used to calibrate the TFTC in this paper. SEM image was acquired by a field-emission SEM (FE-SEM, ultra 55, Zeiss, Germany). The crystal structure of the sensitive film was identified using an advanced X-ray diffractometer (Ultrima IV, Rigaka, Japan) in the 2θ range 20°-90°with a Cu-Kα (λ = 1.54056 nm). Fig. 2a compared the thermoelectric voltages of the TFTC and the standard wire thermocouple as a function of temperature. The calibration was performed from 50 to 1300°C. The thermoelectric voltages at 1300°C of the standard thermocouples and TFTCs were 14.9 and 14.8 mV, respectively. The difference of the thermoelectric voltage between the standard thermocouples and TFTCs was only 0.1 mV within an error of 0.67%.
Results and discussion
In this paper, five heating-cooling cycles were applied to the TFTC to study its thermal stability. Fig. 2b showed the typical thermoelectric voltages of the TFTC as a function of temperature for five heatingcooling cycles. It was found that when the temperature increased from 50 to 1300°C, there was no hysteretic loop when the temperature ramped up and ramped down. The ten curves of the five heatingcooling cycles overlapped approximately. So the remarkable stability was observed for the TFTC even after five thermal cycles. To test the lifetime of TFTC, the TFTC was maintained at 1300°C until it failed. The lifetime of the TFTC in this paper at 1300°C was ∼14 h.
Figs. 3a-c showed the optical image and locally enlarged SEM image of the TFTC. From Fig. 3a , it was found that the Pt film marked with a red circle was evaporated, which broke the circuit and resulted in the failure of the device. Figs. 3b and c showed the locally enlarged SEM images of the marked region with the red circle in Fig. 3a after and before annealed, respectively. The as-deposited Pt film on the alumina substrate was continuous with a few pinholes on the surface. However, after the film was annealed at 1300°C for 14 h, both the Pt film and PtRh film have lots of big pores, which was due to the aggregation of the thin film [8] . In the marked region, the Pt film became discontinues, which contributed to the final failure of the TFTCs at the high temperature. Fig. 3d showed XRD spectra of the Pt/PtRh sensitive films before and after annealed. From Fig. 3d , the as-deposited sensitive film had a strong preferred (111) orientation. After annealed, the diffraction peak's intensity of the sensitive film was stronger than that of the as-deposited because the annealing process was helpful to the recrystallisation of the grains. However, in the 2θ range 38°-42°, there appeared two diffraction peaks for the Pt/PtRh film after annealed. The diffraction peak at 39.92°is for Pt (PCPDF 04-0802) and the diffraction peak at 40.02 is for PtRh (PCPDF 27-0504) [9] . The grain size of the sensitive film was calculated by Scherrer formula. The grain size of the as-prepared sensitive film was 19.5 nm, while it increased to 80.4 nm when the sensitive film was annealed at 1300°C.
Conclusion
The Pt/PtRh TFTCs were prepared using an MEMS micromachining process. The TFTCs were calibrated from 50 to 1300°C. The maximum thermoelectric voltage of TFTCs was 14.8 mV at 1300°C, which is almost in accordance with that of the standard wire thermocouple. The voltage-temperature curves of the TFTC between the heating process and cooling process overlap approximately. Five heating-cooling cycles were applied to the TFTC and their curves overlap approximately. The lifetime of the film sensor was up to 14 h at 1300°C. The failure of the device was attributed to the evaporation and pores formation in the Pt film, accompanied by the grain growth and preferred (111) orientation.
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